Protocadherins (Pcdhs) are a large family of cadherin-related molecules. They play a role in cell adhesion, cellular interactions, and development of the central nervous system. However, their expression and role in endothelial cells has not yet been characterized. Here, we examined the expression of selected clustered Pcdhs in endothelial cells from several vascular beds. We analyzed human and mouse brain microvascular endothelial cell (BMEC) lines and primary cells, mouse myocardial microvascular endothelial cell line, and human umbilical vein endothelial cells. We examined the mRNA and protein expression of selected Pcdhs using RT-PCR, Western blot, and immunostaining. A strong mRNA expression of Pcdhs was observed in all endothelial cells tested. At the protein level, Pcdhs-gamma were detected using an antibody against the conserved C-terminal domain of Pcdhs-gamma or an antibody against PcdhgC3. Deletion of highly expressed PcdhgC3 led to differences in the tight junction protein expression and mRNA expression of Wnt/ mTOR (mechanistic target of rapamycin) pathway genes as well as lower transendothelial electrical resistance. Staining of PcdhgC3 showed diffused cytoplasmic localization in mouse BMEC. Our results suggest that Pcdhs may play a critical role in the barrier-stabilizing pathways at the blood-brain barrier.
Introduction
Protocadherins (Pcdhs) regulate neuronal development and survival and they are highly expressed in the central nervous system (CNS) . Pcdhs belong to the cadherin superfamily of transmembrane glycoproteins which mediate calcium-dependent cell-cell adhesion. 1, 2 They were first identified using PCR primers amplifying the cadherin ectodomain. 3 To date, more than 80 Pcdhs have been identified in vertebrates. Pcdhs are classified into the clustered Pcdhs and nonclustered Pcdhs. 4 Clustered Pcdhs are organized in three large clusters, a, b, and g, on mouse chromosome 18 and human chromosome 5, while nonclustered Pcdhs are scattered in several genome loci. 4, 5 Pcdhs have six or seven cadherin-like extracellular domains, transmembrane domain, and C-terminal intracellular domain.
Expression of Pcdhs has been well characterized in neurons and observed in other cell types of the CNS such as astrocytes, pericytes, or choroid plexus epithelial cells. 6, 7 Extracellular domains of Pcdhs have a capacity to interact with each other both homophilically and heterophilically. [8] [9] [10] Pcdh-alpha and -gamma have been shown to bind to each other and to the tyrosine kinases PYK2, FAK, and Ret and be a part of large membrane-bound protein complexes. [11] [12] [13] Pcdhs promote neuronal development and survival and the direct interaction of Pcdh-gamma isoforms with CCM3 (cerebral cavernous malformation protein 3; also known as PDCD10: programmed cell death 10) has been shown to mediate this process. 14 Moreover , Pcdhs are involved in cellular migration and cell sorting, [15] [16] [17] [18] [19] cell survival, 20, 21 and the inhibition of cell growth. 22, 23 In neurons, Pcdhs were demonstrated to play a role in cell adhesion and communication. 17 The Pcdh-gamma knockout mice show excessive apoptosis of interneurons and a decreased number of synapses of spinal cord interneurons. 20, 24 Vascular endothelial cells line the blood vessels and are the only cell type in the capillaries which are surrounded by a basal lamina. Endothelial cells build organ-specific blood tissue barriers, such as highly specialized blood-brain barrier (BBB). 25 The integrity of the BBB depends on the stability of cell-cell contacts and on the expression of numerous adhesion molecules. 26, 27 The expression and role of Pcdhs, to authors' best knowledge, was not characterized yet in brain microvascular endothelial cells (BMECs). Some reports, however, mention the presence of Pcdhs in brain vessels. 14, 28 In the present study, we analyze therefore the endogenous expression of selected Pcdhs in endothelial cells from brain, heart, and umbilical vein. We demonstrate a strong expression at the mRNA and protein level in BMECs and other vascular beds tested. In addition, a deletion of one representative of Pcdh-gamma family, a PcdhgC3 in mouse BMECs using a CRISPR/Cas9 system, led to expression changes of genes encoding for tight junction proteins and genes of Wnt and mechanistic target of rapamycin (mTOR) signaling pathways. Thus, Pcdhs might play an important role in BBB-related cellular processes.
Methods

Cell cultures
Mouse microvascular cerebral (cEND) and cerebellar (cerebEND) endothelial cell lines as well as the microvascular myocardial endothelial cell line MyEND were isolated, immortalized, and cultivated as described previously. [29] [30] [31] [32] [33] [34] [35] [36] [37] Primary mouse BMECs (PELOBiotech) were cultured in ECM Medium (PELOBiotech) according to the manufacturer's recommendations. Human microvascular cerebral endothelial cell line hDMEC/ D3 was described previously and cultivated as previously described. 26, 38 Primary human umbilical vein endothelial cells (HUVEC) were isolated as described previously 39, 40 and maintained in M199 medium (Invitrogen) supplemented with 20% FCS, 25 mg/ml sodium heparin (Sigma), and 25 mg/ml endothelial cell growth supplement (Sigma). All cultures were supplemented with 100 U/ml of penicillin and 0.1 mg/ ml streptomycin (1% PEST) (Sigma). Cells were maintained in an atmosphere of 5.0% CO 2 and air and at 37 C. Endothelial cell lines were grown on plates coated with collagen IV (Fluka).
For establishment of PcdhgC3 (also known as Pcdh2) knockout cEND and cerebEND cells, the cells were cotransfected upon confluence with Pcdh2 CRISPR/ Cas9 KO Plasmid and Pcdh2 HDR Plasmid (sc-430015 and sc-430015-HDR, Santa Cruz Biotechnology) using Effectene Transfection Reagent (Qiagen) and selected with 3 mg/ml puromycin for four weeks. Knockout was confirmed by Western blot analysis.
RT-PCR
For RT-PCR, total RNA was isolated from endothelial cells or frozen mouse brain tissue (strain C57BL/6, 8 weeks old) (Harlan Laboratories) using RNeasyMini kit (Qiagen). One microgram of RNA was used for the cDNA synthesis with Verso cDNA synthesis kit (Thermo Fisher Scientific). RT-PCR was performed using the AmpliTaq Gold Õ DNA Polymerase (Thermo Fisher Scientific) and PCR reactions were performed in 2720 Thermal Cycler (Thermo Fisher Scientific). To amplify the distinct Pcdhs, we used the primer sequences listed in Table 1 . 41 Mouse primer sequences for Pcdhs-gamma were kindly provided by J. Weiner (University of Iowa, USA). The primers were synthetized by Eurofins MWG. After amplification, 10 ml of each PCR reaction was loaded on 2% agarose gel containing 0.01% ethidium bromide. The picture of the gel was taken using FluorChem FC2 Multi-imager II (Alpha Innotech).
Real-time PCR
Real-time PCR was performed as described previously. 42 Relative quantification of mRNA expression was performed with commercially available TaqMan Gene Expression Assays (Thermo Fisher Scientific). b-actin or 18SrRNA was used as endogenous controls. Measurements were performed with StepOnePlus Real-Time PCR System (Thermo Fisher Scientific).
Western blot analysis
Mouse brain capillaries were isolated from frozen brains by mechanical separation and centrifugation with 25% BSA. Isolated capillaries and mouse brain tissue were lysed in RIPA buffer followed by Western blot analysis. Endothelial cells were plated on collagen IV-coated dishes at a density of 1.1 Â 10 5 cells per 3.5 cm 2 and grown to confluence. At confluence, cells were maintained in medium containing 1% FCS for 48 h.
For Western blot analyses, cells were lysed in RIPA buffer supplemented with protease inhibitors cocktail (Roche). Protein contents were quantified by BCA protein Assay Kit (Thermo Fisher Scientific) and 20 mg of protein were loaded on SDS-polyacrylamide gels for Western blot analysis. For immunoblotting, proteins were transferred to Hybond nitrocellulose membranes (Promega) which were blocked with 10% (w/v) low fat milk in PBS and incubated overnight at 4 C with the respective primary antibody in blocking solution. The following primary antibodies were used: rabbit anti-claudin-3, mouse anticlaudin-5, rabbit anti-ZO-1 (Thermo Fisher Scientific), guinea pig anti-occludin (Acris), goat anti-VE-cadherin (Santa Cruz Biotechnology), pan-Pcdhg antibody (PCDHGC 5A2, sc-130556) against mouse and human conserved C-terminal region of the Pcdhg gene cluster (Santa Cruz Biotechnology), rabbit anti-PcdhgC3 (generously provided by M. Frank, University of Freiburg, Germany), 43 and mouse monoclonal anti-b-actin antibody (Sigma). As secondary antibody, horseradish peroxidase-labeled anti-mouse (Roche), anti-rabbit (Cell Signaling), anti-goat and anti-guinea pig (Santa Cruz Biotechnology) IgGs were used at 1:3000 in blocking solution, respectively. For blots with pan-Pcdhg primary antibody anti-mouse IgA was used as a secondary antibody (Santa Cruz Biotechnology). Images were taken using an enhanced chemiluminescence detection kit (Promega) and FluorChem FC2 Multi-imager II (Alpha Innotech) with CD camera. Intensity of protein bands was calculated with ImageJ software. Table 1 . Primer sequences applied for amplification of protocadherins 41 and J. Weiner, University of Iowa, USA, personal communication.
Gene
Forward primer Reverse primer
TCACCAGATCTCGGAGGAGG Pcdhg C5 CTCCAGGGAGTTCTATAAGC PCDHGA: protocadherin gamma A; PCDHGB: protocadherin gamma B; PCDHGC: protocadherin gamma C.
Transendothelial electrical resistance (TEER) measurements
Wild-type cerebEND and PcdhgC3-knockout cells were grown on 24-well transwells (0.4 mm pores, Greiner) coated with collagen IV to confluence. TEER measurements were performed with chopstick electrode (World Precision Instruments Inc.) at day 7.
Immunocytochemistry
For visualization of claudin-5 and PcdhgC3 in control and knockout cerebEND cells, cells were grown on glass slides for five days and were differentiated in medium containing 1% FCS for one day. The cells were washed with PBS and fixed for 10 min with ice cold methanol. All glass slides were incubated in PBS/ BSA for 15 min and then for 1 h in 5% normal swine serum at room temperature. 
Statistical analysis
For statistical comparison of two groups, we performed two-sided Student's t-test with same variances; p values less than 0.05 were considered significant.
Results
Endothelial cells from different vascular beds express Pcdh mRNA
In order to investigate whether endothelial cells from brain, heart, and umbilical vein express selected Pcdhs, we first analyzed their mRNA expression. We analyzed the mouse microvascular endothelial cell lines of brain (primary BMEC, cEND, and cerebEND) or heart (MyEND) origin for the expression of Pcdh-gamma. We used the samples from mouse brain as a positive control (Figure 1(a) ). We detected expression of all Pcdh-gamma in mouse brain. Also, all endothelial cell cultures were shown to express Pcdh-gamma. Only PcdhgA5 was not present in cEND, primary BMEC, and MyEND as well as the PcdhgB5 in MyEND. Table 1 ). The PCR products were separated in 2% agarose gel.
For expression analysis of selected human Pcdh-gamma, we used human BMEC line hCMEC/D3 and the primary HUVECs (Figure 1(b) ). We detected mRNA expression of PCDHGA12, PCDHGA6, PCDHGB2, PCDHGC3, PCDHGC4, and PCDHGC5 in hCMEC/D3 cells. No product could be amplified for PCDHGB3 in these cells. HUVECs expressed mRNA for PCDHGA12, PCDHGB2, PCDHGC3, PCDHGC4, and PCDHGC5. We could not detect PCDHGA6 and PCDHGB3 expression in these cells. Expression of mRNA for these selected Pcdhs suggests that endothelial cells from different vascular beds may express a variety of Pcdh isoforms, similar to that observed in neurons.
Endothelial cells from different vascular beds express high levels of Pcdh-gamma proteins
Having shown the expression of Pcdh-gamma on mRNA level, we proceeded with the detection of protein expression in endothelial cells ( Figure 2 ). Lysates of mouse brain, mouse isolated capillaries, primary BMEC, cEND, cerebEND, and MyEND cells as well as human hCMEC/D3 and HUVECs were analyzed with a pan Pcdh-gamma antibody recognizing a constant cytoplasmic domain of mouse and human Pcdhgamma (Figure 2(a) ) or an antibody recognizing mouse and human PcdhgC3 (Figure 2(b) ). We detected specific bands of molecular weight between 100 and 130 kDa corresponding to different Pcdh-gamma family proteins in accordance with the literature 43 (Figure 2(a) ). A single band of 130 kDa was detected with anti-PcdhgC3 antibody in all lysates (Figure 2(b) ). The lowest level of Pcdh-gamma and PcdhgC3 was detected in HUVECs (Figure 2(a) and (b)). An additional band of about 25 kDa was also detected. According to literature, this band corresponds to the C-terminal fragment of Pcdhgamma. 44 b-actin was used as a loading control.
Knockout of PcdhgC3 leads to tight junctions protein upregulation
Pcdhs have been reported to play a role in cell differentiation and blockage of cell growth. 22, 23 In order to study cellular functions of Pcdhs in endothelial cells, we generated a stable knockout cerebEND cell line deficient for PcdhgC3 expression. The knockout efficiency in cerebEND was analyzed by Western blot (Figure 3(a) ). CerebEND cell line appeared to be deficient for PcdhgC3 in comparison to control wild-type cells. The 130 kDa band corresponding to full length protein as well as the lower band of about 25 kDa corresponding to the C-terminal fragment of PcdhgC3 was not detectable in knockout cells (Figure 3(a) ). Next, we analyzed the protein level of tight and adherens junctions proteins, claudin-5, claudin-3, occludin, ZO-1, and VE-cadherin in knockout and control cerebEND cells from the four following passages. We detected significantly increased protein levels of claudin-5 and claudin-3 as well as ZO-1. Interestingly, the level of occludin was lower in PcdhgC3 knockout cells (Figure 3(b) and (c) ). However, despite the increased protein level of claudin-3, -5, and ZO-1, the TEER values of PcdhgC3 knockout cells were significantly lower in comparison to wild-type cells (Figure 4(a) ). In addition, the tight junctions of cerebEND cells were stained with anti-claudin-5 antibody and biotinlabeled anti-PcdhgC3 antibody (Figure 4(b) ). PcdhgC3 knockout cells showed enhanced claudin-5 staining with more evenly formed tight junctions, which was in accordance with Western blot results. In control cerebEND cells, PcdhgC3 was stained in the cytoplasm (Figure 4(b) ).
Knockout of PcdhgC3 leads to changed gene expression in cerebEND
We analyzed on mRNA level the expression of genes encoding for tight and adherens junctions proteins, mesenchymal markers, mTOR pathway, and Wnt pathway ( Table 2 ). We detected changes in genes encoding for tight and adherens junctions proteins, genes of mTOR, and Wnt pathway, suggesting that PcdhgC3 might play a role in cellular processes mediated by these pathways.
Discussion
To date, the expression of Pcdhs was described in the brain in neurons, astrocytes, and epithelial cells of choroid plexus. 6, 7, 43 Since the BBB integrity is an important factor in brain development and in numerous neurological disorders, we decided to characterize the expression of selected Pcdhs in these highly specialized endothelial cells and representative endothelial cells from other vascular beds. Moreover, we generated endothelial knockout of one representative of the Pcdhgamma family, PcdhgC3. We showed effects of PcdhgC3 knockout on tight junctions' protein expression as well as on genes of Wnt-and mTOR-signaling pathways.
RT-PCR analysis showed high expression of Pcdhgamma in mouse and human in vitro BBB models as well as in primary BMEC. The expression of all tested Pcdhs has been previously described in the brain. We used the mouse brain tissue as a positive control in RT-PCR and in Western blot.
We detected at the mRNA level the expression of clustered Pcdh-gamma in mouse cells and the expression of selected PCDHG in human cells. We used gene-specific primers, which have been previously published by other groups and were proven to give specific products. For Western blot, we used an antibody against the common C-terminal domain of Pcdh-gamma, which allows detection of 22 different members of Pcdhgamma protein family or against one representative of Pcdhg family, PcdhgC3. Pcdhgs share a constant Cterminal domain but differ in molecular weight. As expected, we detected multiple bands corresponding to proteins of 100-130 kDa molecular weight. The Pcdhgamma and PcdhgC3 proteins were detected in all endothelial cell lines, primary BMEC, mouse brain, and isolated mouse brain capillaries, which indicated high endogenous Pcdh-gamma protein family levels. HUVECs expressed the lowest level of Pcdh-gamma proteins, which is consistent with the low or absent expression of Pcdh mRNA in these cells. Intriguingly, the lower band corresponding to the C-terminal fragment of Pcdh-gamma showed differential protein levels in analyzed samples. Higher levels of C-terminal fragment were detected in immortalized cell lines cEND, cerebEND, MyEND, and hCMEC/D3 while primary BMEC, HUVEC, isolated capillaries, and mouse brain lysates showed low C-terminal fragment levels. One possible correlation between higher C-terminal fragment expression and lower barrier properties of immortalized cell lines in comparison to the primary BMEC or in situ brain environment could be drawn. Pcdhs are proteolytically cleaved by g-secretase complex. The cleaved intracellular C-terminal fragments are soluble and have a potential to enter the nucleus. 9, 44 Other known g-secretase targets exert multiple cellular functions, e.g. Notch and amyloid precursor protein. 45, 46 Distinct roles for the C-terminal fragment of Pcdhg-gamma were proposed. The mice lacking the functional intracellular domain of Pcdh-gamma show neonatal lethality and express lower levels of Pcdh-gamma. 47 The C-terminal fragment increased the promoter activity and the expression of Pcdh-gamma showing transcription-regulating function. 47 However, more research is needed to Measurements of TEER revealed lower barrier properties in PcdhgC3 knockout cells in comparison to wildtype cells. This result was unexpected because knockout cells had higher expression of major tight junction proteins claudin-3, -5, and ZO-1. One possible explanation could be that the deletion of PcdhgC3 triggers some unknown regulators of barrier properties, which result in lower TEER values despite the higher tight junction protein expression. On the other side, the overexpression of claudin-3 is observed in numerous epithelial cancers, e.g. colon, breast, pancreas, and prostate and has been associated with higher motility, invasion, and survival. 48, 49 Immunostaining with anti-PcdhgC3 antibody was diffuse in the cytoplasm of cerebEND cells with no staining of the nucleus. In previous reports, plasma membrane localization has been described for PcdhgC3 overexpressed as fusion with green fluorescent protein in human embryonic kidney cells (HEK293) and in v-Fos transformed fibroblasts. 43, 50 In addition, the localization at the plasma membrane and cell junctions has been previously reported for nonclustered Pcdh, Pcdh12 in bEND.3. 51 However, no membrane staining was observed for PcdhgC3 in cerebEND. Claudin-5 tight junctions appeared thicker in PcdhgC3 knockout cerebEND cells.
It has been demonstrated that Pcdhs play a role in cell growth inhibition. 22, 23 In neuronal cells Pcdh-alpha and Pcdh-gamma undergo differentiation-induced phosphorylation, indicating the involvement of Pcdhs in signaling pathways during neuronal differentiation. 12 Using a PcdhgC3 knockout cerebEND cells we could show that PcdhgC3 might be involved in processes of tight and adherens junctions protein regulation. Moreover, the changes in expression of genes encoding for proteins of Wnt and mTOR signaling pathways suggest the more global role of PcdhC3 in endothelial cell physiology. Wnt signaling pathway has been shown to play a role in the development and maintenance of the BBB, while mTOR signaling pathway is a therapeutic target of brain metastases and cerebral ischemia-reperfusion injury. [52] [53] [54] PcdhgC3 has been proposed to have tumor suppressor capabilities in human colorectal cancer. 55 Changes in Wnt and mTOR pathway due to downregulation of Pcdhg have been demonstrated in colorectal cancer cell lines and in Wilms' tumors. 41, 55 In addition, a recent study showed a direct interaction of PcdhgC3 with Axin1, a key component of the canonical Wnt pathway. 56 Tight and adherens junctions protein changes due to PcdhgC3 could also be relevant for tumor research, as most of the epithelial tumors show changes in tight junctions organization. 49 However, more research is needed to elucidate these effects in detail.
To our best knowledge, we demonstrated for the first time a strong endogenous expression of different Pcdh-gamma in endothelial cells from brain, heart, and umbilical vein at mRNA and protein level. Knockout of one representative of pcdh-gamma family, a PcdhgC3 led to changes in cell-cell contacts as well as signaling pathways suggesting a critical role of Pcdhs in endothelial homeostasis. Table 2 . Effects of PcdhgC3 knockout on gene expression in mouse brain microvascular endothelial cell line cerebEND.
Gene symbol
PcdhgC3KO relative to wild-type cells set as 1 
